INTRODUCTION
Under economic and environmental pressures, electric power system becomes more heavily loaded, damping tends to reduce. Electromechanical oscillations occur more often than before, which not only impose unnecessary limitations on power system operation, but also affect system economics and security [1] . FACTs devices have been recognized as an effective means to this problem and to enhance the system performance. Among them, PSS has been recognized as one of the first measures to enhance the damping of power swing [2] . But with increasing transmission line loading over long distance, PSS might not provide sufficient damping. In these cases, other effective solutions are needed. A static VAr system (SVC), with an additional damping control loop, can be used to provide damping to system and increase the system small signal oscillation stability. SVC has good damping effect with the features [3] [4] , and the extra damping control introduced by the SVC can provide the power system with damping and its capability increases at higher levels of load. So in this paper, authors use a simplified SVC model with voltage regulator neglected.
as: (a) more effective for controlling power swings at higher levels of power transfer; (b) the effectiveness of SVC for power swing damping is dependent on SVC placement. In general damping is most effective when SVC is located near the electrical midpoint of the intertie. In addition, it has been proved that the SVC voltage control has little influence on the improvement of the power system damping
In the previous research work [5, 6] [5, 6, 7] to coordinated design of the damping controller of PSS and SVC. This cooperation between PSS and SVC eliminates the former extra unstable modes [6] which are insensitive to PSS. The final result approves the soundness of the probabilistic method.
PROBABILISTIC EIGENVALUE ANALYSIS
The basic motivation of this paper is to consider a wide range of power system conditions by treating loads (with uncertainties or represented by load duration curves) as nodal injections whose means and variances are known. All nodal voltages (V), nodal injections (S) and eigenvalues (λ) are now regarded as random variables. The objective of this section is to determine the mean and covariance values of the system eigenvalues. In an N node system, there are 2N voltage variables if real and imaginary parts are written separately, and S can be conventionally expressed as a quadratic function of these variables, ) , ... , ..., , (
where
, the covariance between voltages. At this stage, the voltage means and covariance are still unknown. However, as previously stated, the statistical properties of the subset of S corresponding to loads are known and it is possible to solve probabilistic load flow equations (2), instead of the conventional load flow, to obtain these mean and covariance values. This may be done as follows. An initial set of V values is inserted in (2) and the mismatch between the specified and calculated values of S is called S ∆ , as in conventional load flow. Now, since
(3b) (3a) is used to compute a correction V ∆ and (3b) used to compute a voltage covariance matrix (the covariance of nodal injections C S is known from load data and J V is the conventional Jacobian matrix calculated at V ). These values are returned to (2) and the probabilistic load flow thus iterated to convergence.
It is now possible to calculate the mean values and the covariance matrix C λ of the eigenvalues. If A is the coefficient matrix of the linearized system dynamic equations, its mean value A can be written as
A is determined at V and J λ is the first order derivative matrix of eigenvalues, with respect to voltages, computed at V .
PROBABILISTIC SENSITIVITY INDICES FOR PSS/SVC LOCATION AND DAMPING SIGNAL
Residue method has been commonly used for PSS site selection. Residue index (RI) is equivalent to the sensitivities of the PSS/SVC gain constant at zero gain value [5] under specified input and output signals. RI can indicate possible PSS/SVC locations for the control mode of concern. However, the traditional RI was evaluated based only on a single operating condition, and the selected location may not be robust. In this paper, new probabilistic sensitivity indices, similar to the traditional RI, will be used for selecting PSS/SVC site and damping signal under multioperating conditions. For a particular eigenvalue λ k = α k +jβ k , corresponding to probabilistic system state matrix A [5] ,with expectation k α and standard deviation , the probability of the distribution range
is very close to unity − about 0.9987. The upper limit of this distribution range, α k ′ in (6a), can be regarded as an extended damping coefficient from which the robust stability of multi-operating conditions can be estimated. In the case of the damping
, with expectation k ξ and standard deviation , the extended value ξ k ′ is shown in (6b).
(Coefficient 3 in the distribution range is regarded as adequate for stability in [6] .).
The sensitivities of α k ′ (ξ k ′) with respect to a parameter x in (7) are defined as probabilistic sensitivity indices (PSIs) to be used for robust PSS/SVC location and damping signal selection under multi-operating conditions.
where the sensitivities of k α , k ξ , and
The PSI can be regarded as the residue index if x is a PSS/SVC gain constant at zero gain value. In the latter case, the PSI becomes
where G m stands for the m-th PSS/SVC gain constant.
For optimization purpose [6] it is more convenient to introduce the standardized expectations of the damping constant and damping ratio, α k * and ξ k * as developed from
where α C and ξ C are the specified requirement of the damping constant and damping ratio limits, respectively. Therefore, an optimization problem is formulated in (10) and only those "weak" eigenvalues (α k
included. The weaker the eigenvalue, the larger participation in F is defined below.
where K denotes the PSS parameter vector whose practical limits depend on hardware restrictions. 
C C I I R R E E D D
The eight-machine system [5, 6] in Fig.1 is used as the test system. All nodal powers and PV bus voltages are assigned by standardized daily operating curves. These curves create a large operational sample whose statistical properties can be captured in the probabilistic eigenvalue method [5, 6] . In this study, the criteria for the damping ratio (ξ C ) and damping constant (α C ) in (9) are chosen as 0.1 and zero. Probability results for the 7 electromechanical (EM) modes are shown in Table I (other eigenvalues with adequate stability are not shown for simplicity). It is clearly observed that modes 2 to 7 are inadequate in stability, i.e. 'unstable' because the value of α * and ξ * are less than the required value of 3. 
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Probabilities: and Note : PSS with power signal as input signal Subscripts of, say SVC 7-13 , means the SVC located at bus 7 with current from bus 7 to bus 13 as damping signal
SVC and PSS Location and Damping Signal Selection
The robust PSS and SVC location can be determined from the probabilistic sensitivity indices (PSIs) corresponding residue index in (7). In Tables II, the PSIs corresponding to PSSs (with power signal P e ) at G1-G8 and four SVCs (with line current as input signal) are listed. Based on the dominant PSIs (bolded) in Table II , modes 2, 3, 4, 5 and 6 can be improved by PSS located on G2/G6, G6, G5/G4, G3 and G5 respectively. The most critical mode 7 (interarea) has to rely on PSSs of G3, G5, G6, G7 and SVC [7] [8] [9] [10] [11] [12] [13] . In this paper, instead of PSS located at G7 to improve Mode 7 as in the former design [6] , SVC 7-13 is selected. So a total four PSSs (G2-6-5-3) and one SVC 7-13 are selected.
Coordinated Controller Design of SVC and PSS
In this study, SVC model [7] is simplified with the voltage regulation loop neglected [4] , where X T is the transformer impedance, B C and B L are the susceptance of capacitor and inductor, respectively (Fig. 4) .
SVC and PSS damping controllers are both assumed to have two lead-lag stages as: The next step is to determine the initial PSS/SVC parameters (Table III) using methods described in [5, 6] . The subsequent damping improvement are listed Table IV and modes 2 and 7 are still inadequate. Thus by using the steepest descent approach and the quasi-Newton method
, the optimal PSSs and SVC parameters are obtained as shown in Table V . The corresponding seven electromechanical modes are listed in Table VI . The system is much stabilized by the current probabilistic approach. 
CONCLUSION
The probabilistic approach has been used in this paper to consider multi-operating conditions of a power system for robust PSS and SVC coordinated design. Probabilistic sensitivity indices are formed and used to analyze the coordination of the PSS and SVC, set their location and determine the initial parameters. The optimization technique is applied to gain the final PSS and SVC setting. System damping with the proposed controllers is much enhanced for a wide range of operating conditions.
